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The DHPC (DNA Hilbert–Peano curve) is a new tool for visualizing large-scale genome sequences by mapping sequences into a two-
dimensional square. It utilizes the space-filling function of Hilbert–Peano mapping. By applying a Gauss smoothing technique and a user-defined
color function, a large-scale genome sequence can be mapped into a two-dimensional color image. In the calculated DHPCs, many genome
characteristics are revealed. In this article we introduce the method and show how DHPCs may be used to identify regions of different base
composition. The power of the method is demonstrated by presenting multiple examples such as repeating sequences, degree of base bias, regions
of homogeneity and their boundaries, and mark of annotated segments. We also present several genome curves generated by DHPC to demonstrate
how DHPC can be used to find previously unidentified sequence features in these genomes.
© 2008 Elsevier Inc. All rights reserved.Keywords: Genome visualization; Interspersed repeat sequence; GC/AT skew; Isochore; Zebrafish; Chicken; Tetraodon; Hilbert–Peano curve; Gauss smooth;
DHPC toolThe quantity of complete genome sequence data has dra-
matically increased in recent years and provides researchers with
the opportunity to identify new relationships and elucidate
existing ones. Of particular interest to many researchers are
relationships that govern the characteristics and behaviors
relating to genome structure and function. Given the size of
the datasets, visualization of experimental data is an important
part of the discovery process since visual perception can
stimulate the human brain to identify patterns and recognize
relationships across diverse datasets. Once identified, such novel
relationships can be investigated further and qualified using
more rigorous methods. Although such approaches are open to
criticism regarding their robustness, such procedures are implicit⁎ Corresponding authors. Fax: +86 10 62733904.
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doi:10.1016/j.ygeno.2008.01.003in even the most common of analysis tools. Mainstream online
genome databases such as UCSC and NCBI [1,2] provide a
standard set of visualization tools for displaying the results of the
genome annotation or sequence comparison [3]. Additionally,
many other visualization tools based on standard geometrical or
physics principles have also been developed. For example, chaos
game theory [4,5] has been used for representation of DNA
structure and the Z-curve method [6–8] has been used for
identification of isochores and replication origins of DNA
sequences; GOBICS has been successfully used for viewing
multiple alignments [9] and Pygram has been used for in-depth
repeat analysis [10]. However, each of these methods is designed
to look for specific structures in a genomic or large-scale se-
quence. A method that is able to view of all these structures and
is able to facilitate the identification of novel features would be
of benefit to researchers involved in the analysis and comparison
of genome-scale sequences. We have devised a method that uses
477X. Deng et al. / Genomics 91 (2008) 476–483fractal theory to present genome sequences as a 2D color image
and that applies image processing techniques to highlight dif-
ferent aspects of genome structure.
The Hilbert–Peano curve (HPC) is a space-filling curve that
is formally defined as a continuous, subjective (onto) function
from the unit interval [0,1] to the two-dimensional unit hyper-
cube [0,1]× [0,1] (Ref. [11]). In this particular application, it
provides a means of transforming a linear DNA sequence into a
2D representation of the sequence. This has particular benefits
for long sequences (such as the whole genome of prokaryotes or
chromosomes of eukaryote organisms); for example, in a linear
representation of DNA such as that used by the UCSC browser,
a 100-Mb sequence would have a resolution of 10 Mb/in. in the
horizontal direction, if the 100-Mb sequence were represented
in a linear plot of length 10 in. If the same sequence is trans-
formed to a HPC and drawn in a 10×10-in. plot, the resolution
in the horizontal direction would be 10 kb/in., which allows
finer genomic detail to be represented on the plot.
The DHPC (DNA Hilbert–Peano curve) is a tool that uses
Hilbert–Peano curves to transform long linear genome se-
quences into a two-dimensional representation of the genome.
By introducing a color scheme to represent the bases (see
Transforming the HPC using the RGB model) one can treat the
plot as a color image and as such subject it to standard image
processing techniques to highlight particular features of a curve.Fig. 1. Construction of the first four stages of HP curves. (a) Curve contains 41 turnin
has 43=64 turning points. (d) Fourth-stage curve has 44=256 turning points.The ability to apply such functions allows specific genome
structures to be identified by suitable choice of parameters. A
simple example of this is using a Gaussian function to smooth
the original sequence data, which removes high-frequency noise
from an image to reveal underlying longer range variation. In
the DHPC this similarly removes local base fluctuations to
reveal longer range structure in the sequence. Thus, the DHPC
provides a novel way of representing sequence data on the
genome scale that has the potential to facilitate the identification
of new features or characteristics in the sequence.
We have developed a software tool, DHPC, which can
transform a linear DNA sequence into a Hilbert–Peano curve
and allows the user to perform a variety of image-processing
techniques to examine the characteristics of the sequence.
Methods
The way to construct genome HPC
As discussed above, the Hilbert–Peano curve is a set of one-to-one mapping
from a line to a square. Alternatively, it is the limit of the set of curves shown in
Fig. 1. Fig. 1a shows the first curve in the series with 4 turning points. Fig. 1b is
the second curve with 42=16 turning points. Each curve is constructed in a
similar manner, so we get Fig. 1d with 44=256 turning points. Thus, a curve
with 4n turning points denotes the nth stage of construction. As n increases, the
corresponding curve reaches a larger portion of the bounding square (Figs. 1ag points. (b) Second-stage curve has 42=16 turning points. (c) Third-stage curve
478 X. Deng et al. / Genomics 91 (2008) 476–483to d). Since the longest sequenced chromosome is less than 1 billion bases, all
genomic sequences can be represented by a stage 15 HPC. This same stage curve
was used to plot all the sequences in this paper so that we could compare curves
directly for different genomes or chromosomes. Sequences with length less than
415 will fill only a portion of the bounding square and will begin from the top left
corner in the same manner as the curves in Fig. 1.
To represent a DNA sequence, it is necessary to distinguish between the four
nucleotides and so we perform the additional step of assigning a fixed color to
each nucleotide by assigning A—red, G—blue, C—green, and T—gray. A
“raw” HP curve for chicken chromosome 5 is shown in Fig. 2. However,
although it does contain all the sequence information of the chromosome or
genome, it is relatively featureless and of little use to the biologist in this form.
The relative uniformity of the curve in Fig. 2 is attributed to any distinctive
characteristics having been masked by local fluctuation in base composition.
However, as discussed above, this curve is a 2D color image and so can be
subjected to standard image-processing methods to highlight particular
structures that may be latent within the data. As an example of this approach,
we apply a two-stage process to the raw curve.
Definition of base abundance
First, we define the base abundance for any point in a sequence: For a
sequence of length L and a nucleotide at position n in the sequence, we define
the base abundance within some window centered at nucleotide n as
Ik;n ¼
Pnþw
m¼nw
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2p
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2=2r2
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dn;m;k ¼ 1 bm ¼ k0 otherwise

ð2Þ
and where the window width is 2w+1; m refers to position within the window
with respect to n; k is the nucleotide and takes the value a, t, g, or c; and bm
refers to the nucleotide at position m.Fig. 2. Unprocessed HP curve for chicken chromosome 5 (data from UCSC–
galGal3, 62,238,931 bp).The numerator of Eq. (1) serves as a normalization factor, i.e.,
X
k¼a;t;g;c
Ik;n ¼ 1 ð3Þ
Thus, the base abundance provides a measure of the base content within a
sliding window, modulated by a Gaussian to emphasize longer range order in the
genome.
Transforming the HPC using the RGB model
We use the base abundance in the second stage of the processing to calculate
the RGB values of the image according to
Rn;Gn;Bn½  ¼ H Ia;n
 
;H Ic;n
 
;H Ig;n
  
; ð4Þ
where Rn, Gn, and Bn are the red, green, and blue values used at each point in the
image and H(Ik,n) is a function that maps the base abundance into a RGB value.
Thus, the RGB values represent the base abundance at each point in a curve. So,
for example, if a region of the curve was composed exclusively of A, the
corresponding region of the curve would be colored red, and similar regions
consisting exclusively of C and G would be green and blue, respectively. We are
also able to observe the T component of the curve since we have the additional
constraint that Na+Nc+Ng+Nt=N. Hence, a region that is predominantly T
would be almost black since the Rn, Gn, and Bn values will tend toward zero
(Fig. 3a).
Fig. 3b shows a HP curve for a sequence comprising nine different (100-kb)
repeat regions of varying base composition and a random region (about 150 kb).
The first four regions show the representation of sequences that are exclusively
A, C, G, or T. The remaining regions have all four bases present, but in varying
quantities. So, for example, the region comprising the repeat sequence AATGC is
predominantly red, but the color is tempered by the presence of the other bases.
Fig. 3c shows a curve for a random sequence consisting of seven distinct
regions that have been weighted according to the different base compositions
shown in Table 1. The length of each segment is ∼150 kb.
The different base contents of each region are clearly visible, but what is
particularly significant is that, whereas regions 2, 3, and 4 would be identified as
a single region in a standard analysis of GC content, in the HP curve they
represent distinct parts of the curve.
Fig. 3d shows the processed DHPC for chicken chromosome 5. The redder
regions represent AT-rich regions in the chromosome, whereas the blue or green
sections correspond to GC-rich areas. Compared to the corresponding
unprocessed curve in Fig. 2, it shows much more structure and possesses the
following characteristics, which are generally a feature of all processed DHPCs
for biological sequences: (1) a tiled pattern, which is a consequence of how the
square is filled by the curve and is representative of regions of different base
composition, and (2) a series of black regions, corresponding to gaps in the
genome assembly, and white regions, representing unfilled space.
Implementations
DHPC software and Web site
The DHPC software may be downloaded from the Web site
(www.hpcurve.com). Detailed instructions for using the
program are available on the Web site. The features may be
summarized as follows (Fig. 4):
1. DNA sequences can be loaded in plain text or FASTA
format. The program recognizes A, C, G, T, and N, which
represents unassembled regions. The program then calcu-
lates the processed curve for the sequence.
2. Specific regions of the DHPC image can be picked up as a
subsequence to allow the user to investigate a region of
interest. The white frame in Fig. 4 shows the selection steps,
Fig. 3. (a) Variation in RGB values as a sequence changes from all A (red) to all T (black). (b) DHPC of sequence with different repeat regions. (c) DHPC of simulated
random sequence with regions of different base weighting. (d) Processed DHPC for chicken chromosome 5.
479X. Deng et al. / Genomics 91 (2008) 476–483and a region can be fine-tuned to incorporate a resolution
down to individual pixels in the image. Selected sequences
can be saved to a sequence file for further analysis.3. The program can also provide summaries of selected features
such as the percentage of A, T, G, and C and GC content
across the region.
Table 1
Base proportion of sequence fragment in Fig. 3C
1 2 3 4 5 6 7
A% 35 30 35 25 25 20 25
T% 35 30 25 35 25 25 20
G% 15 20 15 25 25 30 25
C% 15 20 25 15 25 25 30
A+T 70 60 60 60 50 45 45
C+G 30 40 40 40 50 55 55
A−T 0 0 10 −10 0 −5 5
C−G 0 0 10 −10 0 −5 5
480 X. Deng et al. / Genomics 91 (2008) 476–4834. Genes, isochores, and other characteristic fragments of the
genome may be marked in the DHPC image and a summary
of their properties features be displayed (Fig. 7).
DHPCs of many of the sequenced organisms are now
available in ourWeb server. One can also download the software
DHPC from www.hpcurve.com to perform local analysis. More
information about Hilbert–Peano curves and color spectrum and
a help document are available on the Web site.
Phenomena in DHPCs for different species
Fig. 5a shows a DHPC for chromosome 10 of the zebrafish
genome. The curve possesses distinctive blue-green islands of
length 2–6 kb throughout the plot and which are also present in
all other chromosomes of zebrafish. However, this structure
does not appear in any other species genomes, even the genome
of pufferfish. BLAST and BLAT analyses in NCBI and UCSC,
respectively, also indicated that they were unique to the
zebrafish genome. Upon examination of the sequence, we
found the islands could be classified into a series of families of
repeat sequences containing inverted repeats of ∼60 bp andFig. 4. Operating interface of DHPC software. The whole length of the shown imencoding a large open reading frame. We noted that the structure
of the islands was maybe more consistent with the structure of a
transposon [12,13]. But a BLAST search revealed no analogies
to any known transposons. Since the sequences of the islands
are unique to the zebrafish genome and there is a paucity of
sequence from other closely related genomes for comparison,
further investigation is warranted but a detailed analysis is
difficult. However, since the principal purpose of this paper is
the discussion of DHPC tool, this analysis is reserved for a
subsequent publication.
Fig. 6 shows the GC distribution of chicken chromosome 5.
The colors change from red to purple along the spectrum,
representing a shift in GC content from low to high. Fig. 3d
shows more “color jumps” than Fig. 6, that is to say, GC content
alone cannot explain the mosaic in Fig. 3d, which indicates that
a more complicated classification than GC isochores exists in
the chicken genome. There have been many detailed studies of
these structures and it is recognized that many warm-blooded
animal genomes display a mosaic phenomenon, but these
findings are generally based on GC content [14–17]. From the
definition of the DHPCs, it is clear that some color changes may
not come from the GC content variation, but from the GC/AT
skew or from both of the characteristics. This is a very complex
problem and is the subject of a subsequent paper (X.G. Deng
et al., submitted for publication).
Fig. 7 shows the DHPC of chicken chromosome 5 with the
locations of genes marked in the average color of that region.
Any kind of annotated segments can be shown on a DHPC. In
Fig. 7, genes on a whole chromosome can be observed in one
image, and comparison with other subsets of DHPCs of the
same chromosome can be easily done. For example, comparing
Fig. 7 with the GC distribution DHPC (Fig. 6), one can see that
a greater number of smaller size genes are located in regions
with higher GC content (those that have more blue or greenage is 97,894 bp; the plot framed by the white lines is the selected region.
Fig. 5. (a) The DHPC of zebrafish chromosome 10 showing many blue-green islands interspersed across the DHPC (data from UCSC–danRer3). (b) An enlarged
region of Fig. 4a (20,971,520–22,012,295 bp).
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regions with lower GC content (those that have more red color
in DHPC). As seen in Fig. 3d, the chicken genome is composed
of homogeneous mosaics with relatively stable GC content and
GC/AT skew directions. By considering the base composition,
we found that nearly 80% of the genes embedded in the mosaics
have similar GC content and GC/AT skew directions. We also
found that gene transcription orientations are correlated with
GC/AT skew directions.
Fig. 8a is a DHPC of tetraodon chromosome 20. Though
zebrafish and tetraodon are located in a common branch on the
phylogenic tree [18,19], they possess quite different DHPCs. The
source of these differences and their interpretation are still unclear.
The publication of additional fish genomes should provideFig. 6. The GC distribution of chicken chromosome 5 marked in DHPC. The GC
content changes down from 65 to 30% and the color also changes from dark
purple to red.additional insight. Fig. 8b is the DHPC of dog chromosome 20, a
DHPC example of a mammal. Additional curves are available at
http://www.hpcurve.com.
Conclusions and future developments
We have developed a method for the visualization of com-
plete genome or chromosomal sequence that uses Hilbert–Peano
curves to represent DNA sequence in a 2D image. The image is
processed to highlight particular features of the sequence to
produce a final DNA Hilbert–Peano curve. Since the DHPC is
not developed for the identification of specific characteristics of
a genome, it is different from other visualization methods andFig. 7. Gene distribution of chicken chromosome 5 marked in DHPC. The gene
information came from the UCSC Genscan Genes track (galGsl3). Shaded
blocks correspond to converted transcript genes, whereas the nonshaded blocks
correspond to forward transcript genes.
Fig. 8. (a) DHPC of tetraodon chromosome 20, data from UCSC-tetNig1. (b) DHPC of dog chromosome 20, data from UCSC-canFam2.
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of known or novel structures within the genome by the exami-
nation of the curve.
The DHPC provides a new perspective on some well-studied
problems such as the mosaic in the chicken genome, which
shows more structure than standard GC analysis of isochores.
The results suggest that the structure of the base composition
within the genome may be determined not only by GC content
but also by base skew. Also, analysis of the zebrafish genome
revealed the presence of previously undetected islands of se-
quence homology, which seem to belong to a new family of
interspersed repeats.
As more genome sequencing projects continue to accumu-
late sequence, we will present more whole-genome sequence
data of organisms on which we have little prior molecular or
biological knowledge. The DHPCs will help to provide insights
into the description of the genome structures and the relation-
ships between a particular compositional characteristic and
annotated biological elements. The DHPC can also be a useful
tool for comparative genome analysis and phylogenetic tree
building on the whole-genome scale. It is clear that the features
expressed in DHPCs often correspond to specific genome
structural characteristics and they must have a related biological
interpretation that may not be immediately obvious with the
current knowledge of the system. Thus a DHPC may provide a
useful tool in aiding the interpretation of genomic sequence and
the identification of novel features contained therein.
Compared to other genome visual analysis tools, DHPC has
the following advantages: The DHPC method employs a “base
abundance” function to represent a single point that collates
neighboring sequence information and smoothes high-fre-
quency noise to provide more visual information about longer
range variation within the genome. Theoretically, the transfor-
mation from a DNA sequence to a DHPC image does not lose
any original information as the mapping function is reversible.
DHPC can represent more sequence information than linear
methods within the same screen area [20,21]. The features
identified in the DHPC curves for the zebrafish are not visible in a
linear plot. For example, zebrafish chromosome 10 is ∼54 Mband the identified repeat islands are about 2–6 kb in size, or about
1/10,000 of the whole chromosome. Viewing the DHPC curve on
a 1024×1024-pixel display and using a stage 13 curve, such a
feature occupies a region of about 10×10 pixels. The same feature
in the corresponding linear plot on the same displaywould occupy
only a single pixel in one direction and so would not be visible.
In a DHPC, the sequence features are represented by colors.
Homogeneous regions are represented by similar colors, whereas
heterogeneous regions are manifested by a range of colors.
Therefore, the features of genome variation or homogeneity are
represented in a form that is well suited to visible interpretation.
TheDHPCmethod can also exhibit GC content, base distribution,
gene distribution, and other genome characteristics.
In this paper, aswe used a specific color function, wemay have
observed only a subset of all the characteristics for any particular
genome in the DHPC representation. When one kind of char-
acteristic is emphasized, others must be accordingly weakened.
For our next step, we plan to make a movie of the changes to the
DHPC as the curve-processing parameters are varied. This may
aid in the identification of additional characteristics of a genome.
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